In order to evaluate the importance of an extracellular matrix on mucin secretion, human bronchial epithelial cells were cultured for 3 weeks on either plastic or type I collagen. By metabolically labeling cells with tritiated glucosamine, we found that cells grown on collagen secreted more radiolabeled mucins than cells grown on plastic, and their amount increased from week 1 to week 3 in both conditions. Secreted mucins were also assayed by ELISA using an anti-Lewis b monoclonal antibody. The amount of immunoreactive mucins secreted by cells grown on plastic during the first 2 weeks of culture was much lower than that of cells grown on collagen. This indicated that the expression of the Lewis b antigen on mucins secreted by cells grown on plastic was very low during the first 2 weeks of radiolabeling and increased during the third week to reach levels that were comparable to the levels of expression by cells grown on collagen. The expression of the Lewis b epitope and the mRNA level of fucosyltransferases FUT2 and FUT3, which are involved in Lewis b synthesis, varied in a similar way. The two fucosyltransferases were expressed later in cells cultured on plastic than in cells grown on collagen. These results suggest that growth conditions influence both the biosynthesis and secretion of respiratory mucins.
Introduction
To study the regulation of mucin secretion by airway cells, cell cultures have been developed (Kim, 1985 (Kim, , 1991 Kim et al, 1985 Kim et al, , 1993 Kim et al, , 1996 Rearick et al, 1987; Wu et al, 1990; Jorissen et al., 1991; Rieves et al., 1992; Virmani et al., 1992) . Their advantage over organ culture is to provide a proliferating population that may be subjected to differentiation processes. The expression of a mucous secretory phenotype seems to be dependent both on the substratum used to grow the cells and on the composition of the culture medium. Several studies have related the production of mucins by tracheal epithelial cells to the presence of retinoids and to the use of a collagen substrate (Kim, 1985; Rearick et al., 1987; Wu et al., 1990) . In contrast, Taylor et al. (1993) have reported secretion of mucin-like molecules by bronchial surface cells and submucosal gland cells cultured on plastic. In these different studies, the methods used to characterize the mucins were different. They were based upon metabolic labeling or reactivity with incompletely defined antibodies and, therefore, there is a possibility that part of the observed discrepancies correspond to differences in glycosylation.
We therefore compared mucin secretion by human bronchial epithelial cells grown on plastic and on collagen using two methods, incorporation of tritiated glucosamine and expression of Lewis b epitope using a monoclonal antibody (3D3 MAb) prepared against human respiratory mucins (Emery et al., 1995a) .
Both cells grew on plastic or on collagen secreted mucins, but there were differences in expression of the Lewis b epitope during the first 2 weeks of culture. The epitope was present throughout the culture period in mucins secreted by cells grown on collagen but did not appear in mucins from cells on plastic until the third week. This observation indicated variations in fucosylation of mucins in the two culture conditions. Different fucosyltransferases may be expressed in mucosae (Mollicone, 1985; Lowe, 1993) . The first one, FUT1, is an a-l,2-fucosyltransferase encoded by the H gene (Larsen et al., 1990) and transfers fucose from GDP-fucose on to a galactose residue. It acts better on the galactose of terminal type 2 disaccharide (Gaip 1^4GlcNAc) than on terminal type 1 disaccharide (Gaipi-3GlcNAc) (Samesto et al, 1992) . FUT2, another a-l,2-fucosyltransferase, is encoded by the secretor gene (Se) (Kelly et al., 1995) and transfers fucose from GDP-fucose on to the galactose of a terminal type 1 dissacharide and, to a lesser extent, on to a terminal type 2 dissacharide. The a-1,3/ 4-fucosyltransferase corresponding to the Lewis enzyme, or FUT3 (Kukowska-Latallo et al., 1990) , transfers fucose from GDP-fucose on to the N-acetylglucosamine residue of either type 1 or type 2 terminal disaccharide, and it acts better on type 1 than on type 2 structures (Mollicone et al., 1994; Legault et al, 1995) . FUT4 is another a-l,3-fucosyltransferase (Kumar et al., 1991; Lowe et al, 1991) transfering fucose from GDPfucose on to the A'-acetylglucosamine residue of a terminal type 2 dissacharide.
In the present work, the expression of fucosyltransferases FUT1-FUT4 in human bronchial cells was compared with the expression of the Lewis b determinant.
Results

Metabolic labeling of secreted bronchial mucins with tritiated glucosamine
In order to compare cell secretion on either plastic or collagen, it was essential to use a constant seeding density in the two culture conditions. Since protease digestion of bronchial epithelium does not completely dissociate all surface cells, it was difficult to divide the cell preparation in equal fractions. Therefore, primary cultures were generated on either plastic or collagen from the initial epithelial cell preparation, and they were subcultured to generate standardized secondary cultures (Emery et al., 1995b) .
Cells were then cultured on either plastic or collagen for 5 days in the defined medium and maintained for a further 21 days in the presence of [ 3 H]-glucosamine. Culture media were pooled into three fractions, each fraction corresponding to 1 week secretion. These media were dialyzed and lyophilized. In order to estimate the proportions of proteoglycans or hyaluronic acid and high molecular weight mucin-like molecules in the secreted products, the media were split into two equal parts and one part subjected to enzymatic digestion with hyaluronidase, chondroitinase ABC and heparitinase. The digested and nondigested samples were then chromatographed on a Sepharose CL-4B column (Figure 1 ).
An excluded fraction was observed in each case, with a substantial part resistant to hyaluronic acid-and glycosaminoglycan-degrading enzymes. The radiolabeled components of these excluded fractions behave as mucins: they incorporated radiolabeled glucosamine and had high molecular weight. Also, we have previously shown that they were degraded by alkaline borohydride treatment (Emery et al., 1995b) . The radiolabeling of the resistant fraction slightly increased from week 1 to week 3 for the cells cultured on plastic. The increase was much greater for the cells cultured on collagen (Figure 1) .
Expression of the Lewis b epitope in cell secretions
The mucin secretion was measured immuno-enzymaticaUy using a monoclonal antibody (3D3) prepared against human respiratory mucins which recognized a Lewis b epitope (Emery et al., 1995a) . After enzymatic digestion and gel-filtration chromatography, an aliquot of each excluded fraction (shaded areas, Figure 1 ) was assayed with this MAb. A standard antigen concentration curve was generated using human respiratory mucins from a Lewis-positive and secretor patient (Emery et al., 1995a) . Only material that eluted in the void volumes of the column reacted with the 3D3 MAb (data not shown). Values obtained from the ELISA were used to generate "immunoreactivity/radiolabeling" ratios for mucins secreted from cells cultured under the two types of culture conditions ( Figure  2 ). The ratio increased with time in culture in both cases. Interestingly, the ratio for the first 2 weeks of culture for plastic grown cells was much smaller than that for cells cultured on collagen. However, by the third week the ratios were similar (Figure 2 ). This indicated that there was delayed expression of the Lewis b epitope in mucins secreted by cells grown on plastic. To investigate this further, we examined the expression of various fucosyltransferase genes in the cells.
RT-PCR analysis of fucosyltransferases
In preliminary experiments, optimized conditions of PCR were determined to compare the level of fucosyltransferase mRNAs in cells grown on collagen (C) or on plastic (P) at the end of week 1 (PI, Cl) and week 3 (P3, C3). The conditions were selected to obtain PCR products proportional to the transcript of interest. The expression of the fucosyltransferases was compared to the expression of (3-actin. P-Actin was equally expressed in the four samples, indicating that the fucosyltransferase mRNAs were obtained from similar quantities of total RNA ( Figure 3) .
The RT-PCR products for FUT1 were similar in the two culture conditions and the signal was stronger at the end of the third week (P3 and C3) than at the end of the first week (PI and Cl) (Figure 3 ). FUT2 mRNA was detected in higher amounts in cells grown on collagen (Cl and C3) than in those grown on plastic (PI and P3); in the two culture conditions, the expression was higher at the end of the third week than at the end of the first week (the signal was barely detectable in cells PI) ( Figure 3 ). The expression of FUT3 was low for PI, whereas the RT-PCR products were easily detected for Cl, P3, and C3 ( Figure 3 ). The signal of the RT-PCR products for FUT4 was low in all conditions (Figure 3) .
The primers used to amplify FUT1, FUT2, and FUT4 cDNAs were specific (Table II) . However, the primers used to amplify FUT3 cDNA (447 bp) also amplified a fragment of FUT5 cDNA (486 bp), but FUT5 mRNA was not detected in any of the cell types. In fact, a single band appeared after separation on a 8% polyacrylamide gel, which was cleaved into 282-and 165-bp fragments after digestion by Dde I (Yago et al., 1993) . This indicated that the RT-PCR product corresponded to FUT3 and not to FUT5 (data not shown). A rough estimation of the intensities obtained after amplication of the transcripts of the different fucosyltransferases is summarized in Table I .
Discussion
In a previous work, we developed secondary cultures of human bronchial epithelial cells on collagen gel (Emery et al., 1995b) . Among the products secreted by these cells were mucin-like glycoproteins. The purpose of the present study was to examine to what extent the substratum affected the biosynthesis and secretion of mucins from human bronchial epithelial cells in culture. After labeling cells with tritiated glucosamine, mucinlike glycoproteins constituted a significant proportion of the void volume material secreted by human bronchial epithelial cells cultured onto plastic or onto collagen, although this secretion is larger in cells grown on collagen. In contrast, Kim (1985) and Rearick et al. (1987) could not detect any radiolabeled high molecular weight material in secretions from tracheal epithelial cells cultured on plastic after treatment of the secretions with proteoglycan-degrading enzymes. In both cases, cells were from rabbit, not from human and the analyzed media corresponded only to 1 or 2 days of culture. Using a monoclonal antibody (17B1) raised against simian mucins, Wu et al. (1990) did not detect any mucin in the secretion of human tracheal epithelial cells cultured on plastic, between day 12 and day 14. The epitope recognized by this antibody is unknown.
The present data indicate that the expression of the Lewis b antigen in mucins secreted by human bronchial epithelial cells grown on plastic is delayed as compared to cells grown on collagen. Using an incompletely defined anti-mucin antibody, Davenport and Nettesheim (1996) reported similar observations for rat tracheal epithelial cells cultured on uncoated polycarbonate membranes: a mucin secretion was detected after 13 days of culture. In this case, it is possible that this antibody recognizes an epitope that is not expressed on mucins secreted on plastic, at least during the first part of the culture.
Terminal glycosylation is a mechanism of controlling functional properties of glycoproteins. There are numerous examples of variations in glycosylation during development, differentiation, or disease (Hakomori, 1989) . In particular, it has been reported that increased fucosylation of high-molecularweight glycoproteins accompanies retinoic acid-induced differentiation of murine embryonal carcinoma cells (Amos et al, 1990) . In mucins secreted by cells from human mammary car- were assayed for radiolabeling (dp.m. for the whole fraction) and reactivity with the 3D3 MAb (ng of Le mucin for the whole fraction). The ratio (mucin lmmunoreactivity/muciri radiolabeling) was determined every week for the two types of cultures. Data are the mean ± SE of three experiments.
cinoma, Hanisch et al. (1996) have observed a reduction in Lewis blood-group related antigens as compared to human milk. By contrast, enhanced expression (or activity) of fucosyltransferases has been reported in endometrial cancer cells (Wang et al., 1995) and in various human malignant cell lines (Yago et al., 1993) . So far no change in mucin glycosylation has been reported for bronchial mucous cells at various stages of differentiation. Fucosyltransferases can be studied at the mRNA level, and we therefore used a comparative RT-PCR technique to investigate changes in specific mRNAs along the cultures.
The Lewis b epitope is believed to result from the successive actions of two fucosyltransferases. The a-l,2-fucosyltransferase FUT2 transfers fucose on to the galactose residue of a type 1 precursor chain and the a-l,3/4-fucosyltransferase FUT3 transfers fucose on to the A'-acetylglucosamine residue of this same disaccharide. Among the five a-l,3-fucosyltransferases cloned so far, only FUT3 has the ability to use type 1 chains as substrate.
Differences in the expression of FUT2 and FUT3 were observed in the two culture conditions: FUT2 and FUT3 were expressed later in cells cultured on plastic than in cells cultured on collagen. These data are consistent with the observed expression of the Lewis b antigen in the mucins secreted by human respiratory cells in culture (Figure 2) .
No difference could be observed in the mRNA levels of FUTl between cells cultured on plastic and cells grown on collagen. Nevertheless, the amount of FUTl transcripts increased with time during the cultures. This enzyme, which can use both type 1 and type 2 acceptor substrates, may be involved, as FUT2, in the biosynthesis of Lewis b epitopes of secreted mucins, but type 1 acceptors are better substrates for the secretor enzyme (FUT2) than for the H enzyme (FUTl) (Samesto et al., 1992) . The products of H and Se genes are usually expressed in different compartments: H on the surface 6-actln FUT1 FUT2 FUT3 FUT4 Fig. 3 . RT-PCR analysis of fucosyltransferases in the two culture conditions (C, collagen; P, plastic) at the end of the first week (PI and Cl) and the third week (P3 and C3). After PCR reaction, the aliquots of products were electrophoresed in a 1.4% agarose gel containing ethidium bromide. Actin served as a control. FUTl, FUT2, FUT3, and FUT4 are shown. Arrows represent the migration of molecular weight standard, from the top to the bottom: 400 and 300 bp.
of red cells, Se in epithelial tissues responsible for exocrine secretions (Mollicone et al., 1995) . In mucosae the Lewis b antigen usually results from the successive actions of the transferases encoded by the Se and the Le genes (Lowe 1993). Some exceptions have been described: in the human pyloric and duodenal mucosae, the upward differentiation process of epithelial cells favors the expression of FUT2 (Se), whereas the downward differentiation process favors the expression of FUTl (H) (Mollicone et al., 1985) . Furthermore, both the products of H and Se genes contribute to the biosynthesis of the Le et al., 1993) . Their specificity was further ascertained by Ddel digestion: FUT3 yields 282-and 165-base-pair fragments, and FUT5 yields 273-and 213-base-pair fragments. The 319-base-pair fragments (807-1125 base pairs) amplified from FUT4 were verified by the digestion with Apal to yield 176-and 143-base-pair fragments (Yago et al., 1993) .
structure in the epithelial cells of sweat ducts (Mollicone et al., 1988) . Little is known about the expression of fucosyltransferases in human bronchial mucosa and it is not clear why the transcripts of FUTl and FUT2 are simultaneously detected in our cultures. It could indicate that several types of secretory cells develop in culture, or that bronchial cells express both FUTl and FUT2. Traces of FUT4 transcripts were detected throughout the culture period for both types of culture conditions. FUT4 encodes the myeloid type of a-l,3-fucosyltransferase (Kumar et al., 1991; Lowe et al., 1991) ; this embryonic enzyme is progressively replaced during organogenesis by other adult forms (Mollicone et al., 1992; Candelier et al., 1993) . A frequent occurrence of FUT4 mRNA in various cancer cell lines has been described previously (Yago et al., 1993; Robinson et al., 1994; Ogawa et al., 1996) , and this activation of a fucosyltransferase that is not expressed in normal tissues could be related to the retro-differentiation associated with tumorigenesis. Human bronchial cells in culture may be subject to the same process. Moreover, we previously reported (Emery et al., 1995b ) that cultures of human bronchial epithelial cells on collagen were stained by anti-lysozyme antibodies, and 40% of these cells were stained by the 3D3 MAb. These data suggested that some of the cells in culture coexpress serous and mucous cell-specific antigens, and therefore should be less differentiated than cells in the bronchial mucosae. It is possible that this process may reproduce a physiological pattern, since progenitor cells of the surface epithelium in human airway seem to be involved in submucosal gland development (Jeffery et al., 1992; Engelhardt et al., 1995) .
Clearly, this comparison of the secretions from bronchial epithelial cells cultured either on plastic or on collagen indicates that the extracellular matrix influences both the fucosylation and secretion of mucins. Federspiel et al. (1990 Federspiel et al. ( , 1991 have reported that retinoic acid and epidermal growth factor (EGF) modulate collagen biosynthesis by fetal rat lung epithelial cells cultured on plastic. Both these factors supplement the culture medium used in the present work, and thus may facilitate collagen biosynthesis by cells grown on plastic. This collagen biosynthesis might allow the expression of FUT2 and FUT3 at the end of the third week on plastic. Delcommenne and Streuli (1995) have demonstrated that extracellular matrix also controls the expression of integrin subunits which play a fundamental role in regulating gene expression through intracellular signals.
Further experiments are required to determine if and how regulation of fucosyltransferases is exerted by the extracellular matrix.
Materials and methods
Source of bronchial tissues
Tissues were obtained from patients (Lewis positive and secretor) undergoing surgery for bronchial carcinoma. Specimens used in these studies were from the macroscopically normal areas adjacent to the tumor. This procedure was approved by the Ethics Committee of the University of Lille. The tissues were immersed in Leibovitz L15 medium, and immediately transported on ice to the laboratory and processed for cell isolation within 30 min.
Cell culturing
It was carried out as described previously (Emery et al., 1995b) . Briefly, tissues were washed three times with Leibovitz L15 medium and then incubated at 4°C for 24-48 h in Ca 2+ and Mg 2 * free (HBSS) containing 0.1 % (w/v) protease. Epithelial cells were released by gentle pipetting of the proteasedigested tissue.
Dissociated cells were plated either onto plastic or onto collagen type Icoated T25 flasks. The cells were cultured in a defined serum-free medium developed by Wu et al. (1990) for the culture of airway epithelial cells. This consisted of Ham's F-12 nutrient medium supplemented with hydrocortisone (1 jtM), insulin (5 \L%lrvi), cholera toxin (30 ng/ml), transferrin (5 jig/ml), retinoic acid (0.1 pM), L-glutamine (2 mM), ascorbic acid (0.11 mM), epidermal growth factor (25 ng/rnl), endothelial cell growth factor (15 ug/m]), penicillin (100 U/ml), streptomycin (100 jig/ml), and gentamycin (50 u.g/ml). The cultures were maintained at 37°C in a humidified incubator with an atmosphere of 5% CO2 and 95% air. The medium was changed three times per a week.
After 6-15 days in primary culture, the cells were passaged, as previously described (Emery et al., 1995b) . Cells coming from a primary culture on plastic were passaged on plastic, and those coming from a primary culture on collagen were passaged on collagen. The seeding density was identical in the two culture conditions (2 x 10 4 cells/cm 2 ). Cells were maintained in secondary culture for 26 days, with the medium changed three times a week.
Preparation of radiolabeled secretions
[ 3 H]-Glucosamine was used to metabolically radiolabel macromolecules secreted by human bronchial epithelial cells in secondary culture over a 3 week period. Radiolabeling (10 (iCi/ml) was started on day 5 of culture, and conditioned media from three collection periods, days 5-12, days 13-19, and days 20-26, were analyzed. These media were extensively dialyzed against water to remove unincorporated radioactivity, and then lyophilized.
Enzymatic digestions
Conditioned culture media were pooled into three fractions, each fraction corresponding to a week of secretion. 
Chromatography
Gel-filtration chromatography was performed on Sepharose CL-4B columns (46 cm x 1.5 cm) eluted with 6 M guanidinium chloride. The flow rate was 15 ml/h and 2 ml fractions were collected. Radioactivity was assayed by mixing 10 uJ of each eluted fraction with 2 ml of Aqualyte (Baker, Paris, France) and then counting in a Beckman S 3801 liquid scintillation counter.
Preparation and characterization of anti-mucin monoclonal antibody
As previously described (Emery et al., 1995a) , the mouse 3D3 MAb was obtained using purified human respiratory mucins from a patient secretor (Se), Lewis-positive (Le) and with blood group O. The 3D3 MAb reacted strongly with me Lewis b (Le
11
) antigen, but also recognized Le* and Le* determinants (Emery et al., 1995a) .
Enzyme-linked immunosorbent assay
The mucin used to obtain the 3D3 MAb was also used as a standard. Aliquots of the excluded fractions obtained by gel-filtration chromatography of culture media after enzymatic digestion were sampled. Samples and serial dilutions of standard mucin were plated overnight at 4°C on 96-well Maxisorp Immunoplates. Unbound sites were blocked with 4% defatted milk in phosphatebuffered saline (PBS). After washing with PBS, the 3D3 antibody (1:5000) was added and left for 2 h at 37°C. After washing with PBS-Tween 20 0.05% (6x), the peroxidase-conjugated anti-mouse antibody was applied for 1 h at 37°C. Plates were washed (last washing without Tween) and developed using £>-phenylenediamine (1 ing/ml) in 0.1 M phosphate-citrate buffer (pH 5.5), with hydrogen peroxide 0.03%. The reaction was terminated with 1 M HC1, and the optical density was measured at 492 nm.
RNA isolation and cDNA synthesis
Total RNA was extracted from cells cultured on either plastic (P) or collagen (C), at the end of the first (PI and Cl) and the third (P3 and C3) weeks of secondary culture, using RNA Quick II (Bioprobe Systems, Montreuil-sousBois, France). One microgram of the isolated RNA was pretreated with DNase I (Gibco, MD) before being submitted to Superscript II RNase H~ Reverse Transcriptase and oligodeoxythymidylic acid 12 _ 18 primer (Gibco, MD) for first-strand cDNA synthesis, according to the manufacturer's instructions.
PCR analysis
The oligonucleotides used as primers for the PCR reaction are given in Table  IL The primers for fucosyltransferases FUT3/FUT5 and FUT4 were described previously (Larsen et al., 1990; Yago el al., 1993) , and those for amplifying FUT1 and FUT2 were deduced from cDNA sequences reported by Kelly et al. (1995) . Amplifications were carried out in a MiniCycler (MJ Research, PTC 150, Watertown, MA, USA), using 2 uJ of cDNA template in a total volume of 25 |jJ of a reaction mixture containing 20 mM Tris-HCl (pH 8.4 at 25°C), 50 mM KC1, 0.4 (JLM of both sense and antisense oligomer primers, 0.2 mM dNTP, lmM MgCl 2 , and 0.625 U of Taq DNA Polymerase (Gibco, MD, USA). All reactions were overlaid with 50 \ii of mineral oil (Sigma) and PCR was carried out under the following conditions for fucosyltransferases: 94°C for 2 min, 1 cycle; 94°C for 1 min, 72 C C for 3 min 30 s, for 22-42 cycles; and 72°C for 7 min. The conditions for actin were: 94°C for 2 min, 1 cycle; 94°C for 1 min, 55°C for 1 min 30 s, 72°C for 1 min 30 s, for 23-42 cycles; and 72°C for 7 min. Sampling the PCR reaction at multiple points throughout the amplification allowed determination of the exponential phase of DNA amplification, and thus comparison of the expression of genes in the four cell populations P1, Cl, P3, and C3. We chose a number of cycles corresponding to the exponential phase of amplification for each pair of primers: 35 for B-actm, 33 for FUT2 and FUT3/FUT5, 36 for FUT1 and FUT4. Negative controls for PCR reactions included the absence of cDNA and the absence of reverse transcriptase to exclude the possibility of amplification of contaminating genomic DNA. PCR fragments were subjected to electrophoresis in a 1.4% agarose gel containing 0.75 u.g/ml ethidium bromide, or in a Tris-borate/EDTA-buffered 8% polyacrylamide geL The amplified fragments were verified by digestion with the following restriction enzymes: Ddel (Boehringer, Mannheim, Germany) for FUT2, FUT3, and FUT5; Pstl for FUT1; and Apal for FUT4 (Eurogentec, Seraing, Belgium).
